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                                      SUMMARY 
   The present study focused on two neuron-specific proteins, neurogranin (Ng), 
and neuromodulin (GAP43). Our first aim was to know the potentiality of various 
chemicals for their induction Ng mRNA expression; our second one was to know the 
intracellular localization of GAP43 and its colocalization with calmodulin (CaM).  
         After we have known various NO donors’ effect on promoting Ng promoter 
activity, we investigated the Ng mRNA induction by these NO donors (SNAP, NOR-3 
and S1N-1.HCL) by RT-PCR. Our results indicated that even though some of the NO 
donors are able to enhance Ng promoter activity, they are not potent inducers for Ng 
mRNA expression in both non-neuron (HEK293) and neuron (pheochromocytoma 
PC12 cells) derived cell lines. In addition, some of other potent activators including 
nerve growth factor (NGF), epidermal growth factor (EGF), retinoic acid (RA) and 
dexamethasone (DEX), which have been confirmed to induce GAP43 mRNA, were 
also studied on their effectiveness on Ng mRNA induction in PC12 cells as well as in 
HEK293 cells. Our findings revealed that Ng mRNA could be induced only by NGF 
and only in PC12 cells in a dose- and time-dependent pattern. Other agents we tested 
including EGF, RA, and DEX displayed no noticeable effect on Ng mRNA induction 
in both HEK293 and PC12 cells; Interestingly, Ng mRNA were not detectable in 
PC12 cells when DEX combined with NGF, suggesting DEX’s inhibitory role in Ng 
expression induced by NGF. 
 To study GAP43’s intracellular localization and co-localization with (CaM), 
site-directed mutagenesis, cell transfection and confocal cell imaging were carried out 
in neuronblastoma N2a cells. The intracellular localizations of different forms (wild-
type, S41G non-phosphorylatable mutant, and S41D phospho-mimic of GAP43 in 
N2a cells were examined in the presence or absence of 12-myristate-13-acetate 
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(PMA), a potent activator of protein kinase C (PKC). Moreover, their co-localization 
with calmodulin (CaM), a calcium modulating protein which binds to the IQ domain 
of GAP43, was investigated. Our results revealed a differential distribution pattern of 
GAP43 between EGFP and DsRed fusing GAP43. While EGFP-GAP43 mostly 
distributed in cytoplasm, DsRed-GAP43 expressed mainly in the region near to cell 
membrane. Among three forms of EGFP-GAP43, only EGFP-WtGAP43 exhibited 
EGFP-high vesicle-like spots in the cytoplasm which might be the intermediate 
protein transport complexes. In contrast to EGFP-tagged GAP43, there were no 
noticeable differences of protein distribution among three forms of DsRed-GAP43 
indicating the mutation of phosphorylation site only affect the cytoplasmic protein 
transport complexes but not proteins enriched in the near-to-membrane region. PMA 
induced translocation of all three forms of cytoplasmic near-to-cell-membrane DsRed-
GAP43 to form cell-membrane-associated GAP43 suggesting this translocation is 
independent of phosphorylation. Moreover, PMA was unable to induce translocation 
of all forms of EGFP-GAP43. Instead, it ablated the EGFP-high spots in EGFP-
WtGAP43 transfection group implying the PKC activation is involved in the 
formation of these EGFP-high protein transportation complexes.  
 In the two-color co-transfection experiments, a particular region of co-
localization of GAP43 and CaM was found to be close to the cell membrane. This 
finding suggested the physiological role of abundant GAP43 in neuron recruiting 
CaM to the near-to- membrane region, which is ready to respond to calcium influx 
caused by outside stimuli.   
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1.1 Neurogranin and GAP43 are two neuron-specific proteins 
Since DNA double strand helix structure was demonstrated in 1953, biological 
researches have been going forward immensely. Now, biological sciences have 
branched out to many fields according to the special problems that scientists are 
trying to solve, including immunology, oncology, aging research, neuroscience and 
others. Among them, neuroscience develops rapidly from its neonatal stage in the last 
century to its prosperous era of recent years. The focus of neuroscience also transited 
from its rudimentary form rooted in anatomical studies, to its current state 
characterized by the use of molecular biology and biophysical methods in the study of 
brain diseases.  
Neuroscientists try to understand the mechanism of neurological ailments, 
such as Parkinson’s and Alzheimer’s diseases, because these diseases are imminent 
dangers for aging human being and need to be treated as soon as possible. Another 
neuroscience area, learning and memory, however, is also very important, because 
many questions asked in this area still remain unsolved just like a hundred year before. 
Also, as researches go further, it has now been confirmed that learning and memory 
are intertwined with many neuronal functions, the loss of which may actually be the 
root of many common brain diseases.  
  Contrary to popular beliefs, a greater portion of the total genetic information 
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encoded in DNA is actually expressed in the brain than in any other organs of the 
body. About 200,000 distinct sequences of messenger RNA are thought to be 
expressed --10 to 20 times more in the brain than in the kidney and liver. Among them, 
some are neuron-specific proteins like synaptophysin, neurofilament protein, myelin, 
as well as neurogranin and GAP43 (Donaldson, 1916; Huneeus and Davison, 1970; 
Nelson and Routtenberg, 1985; Südhof et al., 1987; Baudier et al., 1991).  
 
1.2 Ng is a 78 amino acid small protein implicated in learning and memory, 
whose expression is regulated by thyroid hormone and vitamin A   
Neurogranin (Ng), also called P17, RC3 or BICKS is a brain specific 
postsynaptic protein kinase C (PKC) substrate. It was first identified in a cortex 
-minus-cerebellum subtractive hybridization study designated to isolate mRNAs 
expressed in rat forebrain but not in the cerebellum (Watson et al., 1990). This protein, 
with 78 amino acids in rats, migrates at SDS-PAGE in the presence of reductive agent 
as apparent molecular weight of Mr. 15-18 KDa species and as heterogeneous species 
of 13-28 KDa in the absence of reductive agent (Huang KP et al., 1993). Ng 
homologs have been identified from other animal species, including mice, bovine, 
goat, canary, cow and human (Baudier et al., 1991; Coggins et al., 1991; Piosik et al., 
1995; Mertsalov et al., 1996). 
The function of Ng was revealed by researchers in mouse with targeted 
mutation of Ng gene. Pak et al. (2000) and Miyakawa et al. (2001) demonstrated that 
Ng -/- mice were normal on measures of general health, neurological reflexes, sensory 
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abilities, and motor functions, as compared to wild-type littermate controls. But they 
showed spatial learning and memory deficit with animal behavior test models 
including Morris water maze and Barnes circular maze.  
 Even though Ng was firstly identified in the cerebral cortex, more and more 
evidences show that it could also be detected in other regions of the brain including 
cerebellum ((Dowling and Zoeller 2000). Its expression follows a developmental 
stage pattern with its mRNA accumulating in normal brain from the 5th to 7th 
postnatal day, reaching maximal levels around postnatal day 10-12 in concomitant 
with the maximum level of thyroid hormone (Iniguez et al., 1993).  Extensive 
studies have been focusing on its expression regulation by thyroid hormone and 
vitamin A, and evidences indicate that hypothyroidism and vitamin A-deficiency 
decrease the Ng expression at both the mRNA and protein levels (Iniguez et al., 1992, 
1993, 1996; Piosik et al., 1995, 1996; Fisher, 1997; Husson et al., 2003).  
 
1.3 GAP43 is a presynaptic counterpart of Ng implicated in regulation of neurite 
growth and synaptic plasticity in the adult brain 
 Growth associate protein 43 (GAP43), was also called F1, B50, p57, pp46 and 
neuromodulin according to different investigators (Akers and Routtenberg, 1985; 
Lovinger et al., 1985; Snipes et al., 1987). Increased GAP43 levels have been 
associated with axonal outgrowth during development and recovery from neuronal 
injury (Skene et al., 1981, 1986; Meiri et al., 1986), regulation of neurotransmitter 
release (Dekker et al., 1989), and filopodia extension in non-neuronal cells (Zuber et 
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al., 1989). It is a presynaptic equivalent of the postsynaptic Ng and has a quite similar 
developmental expression pattern to Ng. During development, GAP43 is first 
expressed after neuroblasts have ceased mitosis, when they are extending their 
processes (Biffo et al., 1990). For most neurons, the expression peaks in the perinatal 
period and then recedes. It maintains high-level expression in specific adult brain 
regions including entorhinal cortex, the hippocampus, the olfactory bulb, and the 
association cortices. However, there is no direct evidence showing that GAP43 could 
be regulated by thyroid hormone. The neuronal outgrowth and remodeling role of 
GAP43 was best exemplified by over-expression of GAP43 in transgenic mice. Such 
mice showed striking spontaneous nerve sprouting at the neuromuscular junction and 
in the terminal field of hippocampal mossy fibers. Lesion-induced nerve sprouting 
and terminal arborization during reinnervation were greatly potentiated in 
GAP43-overexpressing mice (Aigner et al., 1995). 
 
1.4 Both Ng and GAP43 contain IQ domain that can bind to calmodulin, and are 
phosphorylation substrates for PKC  
 Both Ng and GAP43 contain IQ domain characteristic of the calmodulin (CaM) 
binding proteins. This IQ motif AA(X)KIQASFRGH(X)(X)RKK(X)K is very 
conserved in CaM binding protein family and includes overlapping CaM binding site 
and PKC recognition site. This IQ motif renders Ng and GAP43 the property of being 
phosphorylated by PKC in vitro and in vivo (Apel et al., 1990; Baudier et al., 1991; 
Huang et al., 1993; Chen et al., 1993; Sheu et al., 1995; Ramaker et al., 1997, 1999). 
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Digestion of PKC-phosphorylated Ng with trypsin and analysis of the resultant with 
2D peptide map indicated that serine residue in position 36 of Ng (in cow, it is in 
position 34) is the single site of phosphorylation target. This site locates inside IQ 
motif and corresponds to serine 41 of GAP43 phosphorylation site, which is also 
inside IQ motif. General opinion now is that gamma isoform of PKC is the main 
subtype for Ng phosphorylation while beta form might be the major isoform for 
GAP43. However, this is inconclusive as yet.  
  Except for the PKC phosphorylation, in vivo and in vitro experiments indicated 
that both Ng and GAP43 are capable of binding to CaM in the absence of intracellular 
calcium (Andreasen et al., 1981, 1983; Cimler et al., 1985; Gerendasy et al., 1995; 
Prichard et al., 1999; Huang et al., 2000). Evidence showed that PKC 
phosphorylation of both proteins decreases the affinity of CaM to them (Alexander et 
al., 1987; Huang et al., 1993). Gerendasy et al. (1999) suggested that both of Ng and 
GAP43 regulated Ca2+ flux size and CaM availability. Their interactions with CaM 
and Ca2+ might play a role in tuning and homeostatically constraining the Ca2+ signal 
transduction system. By doing so, they link Ca2+ fluxes to downstream elements of 
signaling cascades which regulate the neuronal plasticity.  
 
1.5 Both Ng and GAP43 phosphorylation are closely implicated in LTP changes, 
learning and memory 
 Long-term potentiation (LTP) is defined as long-lasting strengthening of synaptic 
efficiency and a widely accepted experimental model for studying the activity- 
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dependent enhancement of synaptic plasticity (Bliss and Collingridge, 1993). 
Experiments have shown that phosphorylation of both Ng and GAP43 were increased 
after LTP induction and during LTP maintenance in CA1 region of rat hippocampus 
(Chen et al., 1997; Gianotti et al., 1992). Injection of Ng antibodies which inhibits Ng 
phosphorylation by PKC to CA1 pyramidal neurons in rat hippocampal slices 
prevented the induction of tetanus-induced LTP (Fedorov et al., 1995). The 
LTP-induced phosphorylation in both cases was found to link with NMDA receptors 
closely because Ramaker et al. (1995) demonstrated that application of 
D-2-amino-5-phosphonovalerate (AP5), the NMDA receptor antagonist, blocked 
phosphorylation of both proteins.  Study on Ng knock-out mice indicated that the 
impaired spatial learning ability is concomitant with a detectable compromised LTP 
induction (Pak et al., 2000).  Routtenberg et al. (2000) showed that genetic 
over-expression of the GAP43, the axonal protein kinase C substrate, dramatically 
enhanced learning and LTP in transgenic mice. If the over-expressed GAP43 was 
mutated by a Ser  Ala substitution to preclude its phosphorylation by protein kinase 
C, then no learning enhancement was found.  
Because of the abundance of Ng and GAP43 expression and the very limited 
CaM expression in neuron cells, these two proteins, as Gerendasy suggested, are 
thought to be sensors for intracellular calcium changes, which control the 
calcium/CaM complex content.  The latter regulates the availability of activated 
Ca2+/CaM-dependent kinase II (CaMKII). The NMDA activation, phosphorylation of 
Ng or GAP43, regulation of Ca2+/CaM availability and then activation of CaMKII 
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become the accepted signaling axis to regulate LTP and learning and memory. Hence, 
it is not surprising that CaMKII null mice also showed an impaired LTP as well as 
memory consolidation (Miller et al., 2002). 
 
1.6 Other than being a phosphorylated substrate for PKC, Ng is a substrate for 
oxidation  
Mahoney et al. (1996) used site-directed mutagenesis to confirm that Ng contains 
four cysteine residues (3,4,9 and 51) that is ready for oxidation. Experiments have 
shown that Ng can be oxidized in vitro by H2O2, o-iodosobenzoic acid (IBZ) and NO 
donors It was also shown that this oxidation attenuated Ng’s affinity to CaM (Sheu et 
al., 1996). Li et al. (1999) demonstrated that stimulation of the NMDA receptor on 
brain slices induced a transient oxidization of Ng. The oxidation of Ng may play a 
mediating role in the NMDA-Ca2+/CaM-nNOS axis. However, there are so far no 
reports on oxidation of GAP43.  
 
1.7 Expression brain regions, intracellular localization and translocation of Ng 
and GAP43 
Early immunohistochemistry studies showed that Ng is mainly expressed in the 
adult rat telencephalon, specially located in the cell bodies and dendritic processes of 
neurons of the cerebral cortex, hippocampus, striatum, and nearly absent in the 
thalamus, cerebellum, and brain stem (Represa et al., 1990). However, Singec et al. 
(2003) recently reported that Golgi cells in primate cerebellum were immuno-positive 
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and the unipolar brush cells in granular layer were heavily labeled with Ng. 
Ng has been mostly reported in postsynaptic dendrite and rarely detected in axon 
processes (Watson et al., 1992). Western immunoblotting studies on rat brain 
subcellular fractions confirmed that Ng was predominantly a cytosolic protein but was 
found with lower amounts in membrane-enriched microsomes and synaptosoimes. 
Solublization of synaptosomes suggested that Ng may only be loosely associated with 
the postsynaptic density (Watson et al., 1994). 
Expression of the growth and plasticity associated protein GAP43 is closely 
related to synaptogenesis and synaptic remodeling in the developing as well as in the 
mature nervous system. GAP43 is known to accumulate in presynaptic axon terminals 
(Nelson and Routtenberg, 1985) GAP43 is a major component of membranes isolated 
from whole brain and growth cone membranes (Cimler et al.,1985; Skene et al., 
1986). The protein is tightly associated with membranes through fatty acylation of its 
cysteines at positions 3 and 4 (Skene and Virag, 1989). Immunofluorescence 
localization of the protein in cultured neurons has shown that it is distributed 
throughout neurite processes and cell bodies during the early developmental stages, 
and gradually becomes concentrated in distal regions of neurites and growth cones 
(Meiri et al., 1988). Interestingly, while 3’UTR of GAP43 mRNA was revealed to 
maintain its stability and half-life (Kohn et al., 1996), 3’ UTR of Ng mRNA was 
shown to implicate in its dendritic transport (Mori et al., 2000). 
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1.8 Ng and GAP43 with brain diseases 
Both Ng and GAP43’s mRNA and protein levels decrease with aging (Mons et al., 
2001; Casoli et al., 2004). Their expression and translocation were found to change in 
age-related diseases. Chang et al. (1997) reported that in the normal humans, the Ng 
mRNA was robustly stained in dendrites of the neocortex. However, the Alzheimer 
Disease (AD) patients showed no dendritic targeting of Ng mRNA in neocortex tissue. 
Reddy et al. (2005) used immonoblotting techniques to assess frontal and parietal 
cortices from brain specimens from AD patients. They found a loss of both 
presynaptic proteins (GAP43 and synaptobrevin) and postsynaptic proteins (Ng and 
synaptopodin) in all brain specimens from AD patients compared to those from 
age-matched control subjects. Now more researches have focused on these two 
proteins’ roles in age-related diseases besides their implication in learning and 
memory. 
 
1.9 Research goals of the present study 
In the present study, we were trying to solve two questions based known 
knowledge on these two neuron-specific proteins. The first question is how Ng 
mRNA was regulated by various agents including nitric oxide donors and other 
chemicals that have been confirmed effective for regulating GAP43. The second 
question we were interested in is the intracellular localization, translocation of GAP43 
and its co-localization with CaM.  
The first question was based on some of the knowledge from our own research 
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lab and reports from others. By analyzing Ng promoter activity, we have found 
several NO donors could enhance Ng promoter activity. However, in current study, by 
analyzing the Ng mRNA level in neuron-derived or non-neuron cells, we found that 
these NO donors, being potent for boosting the Ng promoter activity, was unable to 
induce Ng mRNA expression. Several chemicals, such as NGF, EGF, RA and DEX 
were reported to up-regulate the GAP43 mRNA level in pheochromocytoma PC12 
cells. By analyzing the effects of these agents on Ng mRNA induction, we found only 
NGF can induce Ng mRNA in PC12 cells, but not in HEK293 cells. Other chemicals 
were revealed no effect on Ng mRNA induction except that DEX was found to be an 
inhibitor for Ng mRNA induction by NGF in PC12 cells. 
The intracellular localization of GAP43 was extensively documented. But all of 
the reports were from immuno-histochemistry study. The information on translocation 
of GAP43 upon stimulation and its co-localization with CaM is lacking at this 
moment. In our study, by direct observation of the fluorochrome-tagged wild-type or 
phosphorylation-site mutated GAP43, and flurochrome-tagged CaM, we obtained 
valuable information on the intracellular localization, translocation of GAP43 and its 
interaction with CaM in the cell. Our study was the first report on direct observation 
the intracellular distribution, mobilization, and molecular interaction of GAP43 
protein, and paved the road for further understanding the intracellular behavior of 
GAP43. 
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Chapter 2 
Materials and Methods 
 
2.1 Chemicals 
Retinoic acid (RA), dexamethasone (DEX), nerve growth factor (NGF), 
epidermal growth factor (EGF), phorbol 12-myristate 13-acetate (PMA), DAPI and 
dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Singapore). 







(+/-)-(E)-4-ethyl-2-[(E)-hydroxyimino]-5-nitro-3-hexenamide (NOR-3) were 
purchased from Calbiochem/EMD Biosciences (San Diego, CA). Each chemical was 
freshly dissolved either in phosphate buffered saline (PBS), methanol, ethanol or 
DMSO according to the manufacturer’s instruction and was used immediately.  
All other chemicals and materials, for example, making polyacrylamide gel, 
preparing competent cells were done following the conventional molecular biology 
methods described by Cold Spring Harbor protocols. 
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2.2 Molecular cloning  
2.2.1 Luciferase reporter plasmid with minimum Ng promoter 
For constructing the luciferase reporter plasmid with the 5’-flanking sequence of 
the mouse Ng gene, PCR-based cloning techniques were employed (Gui et al., 2006). 
Briefly, the C57BL/6 mouse genomic DNA was extracted by NecleoSpin Tissue Kit 
(Macherey-Nagel, Du¨ren, Germany). By using the genomic DNA as a template and 
pNg_F/pNg_R as PCR primers (the sequences of primers are listed in table 1), a 2.2 
kb PCR product encompassing the 5’-flanking sequence of the mouse Ng gene was 
amplified by a long-range PCR using a DNA Polymerase kit (Finnzyme, Espoo, 
Finland). A Ng minimum promoter (+3 to +260) were then generated by PCR using 
primers SacI_pNg_F(+3) and XhoI_pNg_R (table 1). PCR product was extracted from 
agarose gel and digested by SacI and XhoI (NEB, Ipswich, MA) and cloned into 
pGL3-basic vector (Promega, Madison, MI). For detailed map of pGL3-pNg(+3), see 
figure 2.1.  
 
2.2.2 Plasmids of EGFP and DsRed-fusing GAP43 and CaM 
2.2.2.1  pDsRed-WtGAP43 
Mouse GAP43 gene was obtained by RT-PCR with total RNA extracted from 
mouse brain tissue. Briefly, the brain tissue from 4-6 weeks C57BL/6 mouse was 
grinded to be fine powder in liquid nitrogen. The fine powder was immediately put 
into Trizol reagent and total RNA was purified. The first-strand cDNA was 
synthesized by oligo-T method using a reverse transcription kit from Invitrogen 
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(Carlsbad,CA).A pair of primers (table 1, GAP43_A and GAP43_B) designed 
according to mouse GAP43 cDNA sequence in Gene Bank (NM_008083) were used 
to obtain a PCR product from total cDNA pool. PCR was performed at 95°C for 2 
min and then 30 cycles 95°C 30s, 58°C 30s,68°C 50s following with a final 
extension at 68°C for 10 min. The PCR product was then cloned into pQE30 
expression vector for E.Coli expression of recombination protein for structure study. 
Plasmid pQE30-GAP43 was used as a template in the PCR using primers 
Fwd_Sac1_GAP43 and Rev_Kpn1_GAP43. PCR was performed as 94°C for 3 min, 
30 cycles 94°C 30s, 55°C 30s, 72°C 45s following with a final extension at 72°
C for 10 min. The DNA polymerase EXT (Finnzyme) was used in PCR. The expected 
PCR product was excised from 0.8% agarose gel and purified by QIAquick Gel 
Extraction (QIAGEN, Germany). Twenty six micro-liter of purified GAP43 fragment 
digested by 0.5 μl SacI and 0.5 μl KpnI (NEB) with 3 μl 10 x buffer 1 and 25 μl H2O 
at 37°C water bath overnight. At the same time, 1 μl pDsRed-monomer-N1 vector 
(Invitrogen) +0.5 μl SacI+0.5 μl KpnI +3 μl 10 x buffer1+25 μl dH2O (37°C water 
bath, overnight). Then the digested vector and GAP43 fragment were ligated at 4°C 
overnight with T4 ligase (NEB). Positive clone was selected by kanamycin agar plate 
(30 μg/ml). The plasmid was named as pDsRed-WtGAP43. The correct cDNA 
sequence of GAP43 was confirmed by DNA sequencing using the BigDye III 
terminator kit (Applied Biosystem, Foster city, CA).  
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2.2.2.2 DsRed-fusing S41D and S41G plasmids 
For constructing site-directed point mutation of GAP43 with serine41 (S) to 
aspartic acid (D), pDsRed-WtGAP43 was used as a template in a PCR with forward 
primer Fwd_SacI_GAP43 (same as that used for Wt) and reverse primer Rev_ 
mGAP43_S:D (table 1). The 3’ to 5’ reading-proof pfu DNA polymerase (Fermentas, 
Hanover, MD) was used in PCR system to avoid unwanted mutation. The PCR 
reaction was 94°C 3 min, 30 cycles for 94°C 30s, 53°C 30s, 72°C 15s with a 
final extension at 72°C for 10 min. The first fragment of GAP43 was generated from 
this step. The second step is similar to the first step except that the primers used were 
Fwd_mGAP43_S:D (table 1) and Rev_KpnI_GAP43 (same as that used for Wt) and 
the extension duration in cycles is 66s. The fragments generated in first step and 
second step were mixed together as the template for PCR in step 3. The primers used 
in step 3 were Fwd_SacI_GAP43 and Rev_KpnI_GAP43. The PCR was performed at  
94°C 3 min, 30 cycles for 94°C 30s, 53°C 30s, 72°C 1 min 22s with a final 
extension at 72°C for 10 min. The final PCR product was digested by SacI and KpnI 
and cloned into pDsRed-monomer-N1 vector in lieu of its SacI-KpnI fragment. This 
plasmid was designated as pDsRed-mGAP43-S41D. 
 pDsRed-mGAP43-S41G was to mutate serine41 to glycine (G), and was made 
using the same strategy as that was used for generating pDsRed-mGAP43-S41D, 
except that in the first step, the reverse primer used was Rev_mGAP43_S:G, and in 
the second step, the forward primer used was Fwd_mGAP43_S:G. The final plasmid 
was designated as pDsRed-mGAP43-S41G. All the site-directed point mutations were 
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confirmed by BigDye DNA sequencing. 
 
2.2.2.3 EGFP-fusing WtGAP43, S41D and S41G plasmids  
 For different EGFP-fusing GAP43 mutants, different PCR template was used. For 
pEGFP-WtGAP43, pDsRed-WtGAP43 was used as PCR template. 
pDsRed--mGAP43-S41D was used for generating pEGFP-mGAP43-S41D and 
pDsRed-mGAP43-S41G for pEGFP-mGAP43-S41G. Fwd_SacI_GAP43 and 
Rev_KpnI_GAP43 were used as primers. GAP43 PCR fragments were extracted from 
0.8% agarose gel and digested by SacI and KpnI in 37°C water bath overnight. The 
digested PCR fragments were then ligated into pEGFP-C2 vector (Clontech, 
Mountain View, CA).The positive clone were selected on agar plate containing 30 
μg/ml kanamycin. 
 
2.2.2.4 pDsRed-CaM and pEGFP-CaM 
 To construct a DsRed-fusing CaM plasmid, pDsRed-CaM, pET-3a-CaM (a 
eukaryotic expression vector containing mouse Calmodulin cDNA) was used as 
template in a PCR with primers, Fwd_XhoI_CaM and Rev_BamHI_CaM (table 1). 
pDsRed-monomer-N1 vector and the CaM PCR fragment were digested by XhoI and 
BamHI and ligated together using T4 ligase. Positive clone was selected on 
kanamycin agar plate. 
 For constructing a vector expressing EGFP-fusing CaM, pEGFP-CaM, the same 
PCR (same template and primers) as used for creating pDsRed-CaM was performed, 
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except that the purified and double digested PCR fragment was cloned into double 
digested pEGFP-C2 vector rather than pDsRed-monomer-N1 vector. All above 
plasmids were subjected to DNA sequencing to make sure there is no unwanted 
mutation and the expected site-directed mutations were correctly introduced. The 
detailed map for each plasmid was illustrated in figure 2.2 and 2.3. 
 
2.3 Cell culture 
PC12 cells (ATCC, Rockville, MD) were grown in Ham’s F-12 medium with 
L-glutamine (PAA, Ontario, Canada) supplemented with 15% v/v inactivated horse 
serum (PAA), 2.5% v/v inactivated fetal bovine serum (Hyclone, Logan, UT), 
1.5g/1L NaHCO3, 1% v/v penicillin-streptomycin (Gibcol, USA) and 2.5% 1M 
HEPEs sodium salt. The cells were maintained at 37ºC in an atmosphere of 92.5% air, 
7.5% CO2. Culture medium was changed every 2-3 days. Cells were plated at tissue 
culture dishes (BD Falcon) 2 days prior to the application of various effectors. NGF 
isolated from mouse submaxillary and EGF derived from bovine pituitary were 
applied to cells as stock solutions in culture medium, DEX  was added as methanol 
stocks while RA (all trans) was added as ethanol stock as indicated in the product 
information sheet. For the experiments examining effects of various concentrations of 
NGF, RA, EGF and NO donors, cells were exposed to these chemicals for 24 hr prior 
to RNA isolation; for the experiment determining DEX inhibitory effect, the samples 
were exposed to DEX for the first 24hr, then NGF was added to selected groups for 
the next 24hr to exam the effect of DEX in presence of NGF; for the experiment 
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determining NGF effect in a various time duration, the total RNA was isolated in 
selected time slots respective to the start of the experiment. 
HEK293 cells (ATCC) were cultured in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10%(v/v) heat-inactivated fetal bovine serum (FBS), 25 
mM HEPES, 3.7 g/L NaH2CO3, 100 u/ml penicillin and 100 μg/ml streptomycin, with 
a final pH of 7.0-7.1. Cells were cultured in a humidified incubator with 5% CO2 at 
37°C. Same treatments were applied as in PC12 cells to test the effect from NGF, RA, 
EGF, DEX and NO donors. 
 
2.4 RT-PCR and semi-quantitative RT-PCR 
2.4.1 Total RNA extraction and reverse transcription (RT) 
 PC12 cells upon different stimulation (various concentration and time duration) 
with NGF, EGF, or RA were collected by a cell scraper. Cells were pellet down at 
2500 rpm for 5 min at 4°C. One ml of Trizol reagent (Invitrogen) was added to lyse 
the cells. The total RNA was purified according to Trizol reagent information sheet. 
The genomic DNA contamination was removed by 15 min treatment with RNase-free 
DNase I. The amount and quality of total RNA was measured by a UV 
spectrophotometer and by visualizing the two major rRNA bands on denatured 
Agarose gel. SuperScript II Reverse Transcriptase (Invitrogen) was used for the 
reverse transcription reaction. In brief, 2 μg total RNA, 1μl oligo(dT)12-18 and 1μl 10 
mM dNTP Mix was mixed and DEPC-treated H2O was added to bring up the total 
volume to 20 μl . The mixture was heated to 65ºC for 5min to denature the RNA and 
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chill on ice for at least 2 min. Four microliter 5 x first-strand buffer and 2 μl 0.1M 
DTT was added to the mixture followed by incubation at 42ºC for 2 min. The mixture 
was then incubate at 42ºC for 50min with 1μl (200U) of SuperScriptII RT. The RT 
reaction was terminated by and heating at 70ºC for 15min. The DNA-RNA hybrid 
was then cut by RNase H for 30 min at 37 ºC. The purity and concentration of cDNA 
was assessed by spectrophotometer. 
 
2.4.2 PCR and semi-quantitative PCR 
 To assess the Ng transcription level upon various stimulations, PCR was carried 
out using first-strand cDNA pool purified from PC12 cells mentioned above. For 
those experiments examining Ng expression, the primers used were Fwd_Ng_RT and 
Rev_Ng_RT (table 2). Using this primer set, a 244 bp amplicon is expected if there is 
detectable Ng transcription. The house-keeping gene GAPDH was used as internal 
control in the RT-PCR. The primer set used, Fwd_GAPDH and Rev_GAPDH were 
listed in table 2. The expected size of GAPDH fragment was calculated as 428 bp. 
Optimized dilution factor was obtained in such a way that the expected PCR bands 
intensity can be differentiated between different cycles. A 28 cycles and 33 cycles 
PCR reaction were applied to each sample (different treatment) being tested using 
either Ng primer or GAPDH primer. Both the PCR for the Ng and GAPDH were run 
at 94 ºC denature for 5 min, following either a 28 or a 30 cycles of 94 ºC 30s, 57 ºC 
30s, 72 ºC 30s, with a final extension at 72 ºC for 10 min. The PCR reaction was 
resolved in 2% agarose gel. The PCR band intensity was read by ImageJ software 
                                                                        18 
(NIH) and the relative amount of Ng expression was expressed as below formula: 
(Int.Ng28cyc/Int. GAPDH28cyc + Int.Ng33cyc/Int.GAPDH33cyc)/2, where Int. means 
intensity of band read by ImageJ, PCR were performed at both 28 cycles and 33 
cycles. In the present study, Ng expression upon 0 ng/ml NGF stimulation (without 
NGF in the culture) was arbitrarily designated as 1.  
 
2.5 Luciferase activity measurement 
All transfections for Ng promoter assay were preformed in HEK 293 cells at 
80% cell confluence using either a TransIT-LT1 transfection reagent (Mirus, Madison, 
WI) or Transfectamine Plus (Invitrogen) according to the manufacturer’s instructions. 
In general, 2 μg reporter plasmid pGL3-pNg (+3) was transfected into mammalian 
cells cultured on 6-well culture plates (Nunc, Roskilde, Denmark). One hundred and 
fifty nanograms of the renilla luciferase expression plasmid pRLSV40 (Promega) was 
co-transfected as a reference plasmid for normalizing transfection efficiency. Various 
NO donors were applied to the culture at 24 h post-transfection time point and kept 
for 24 h. Cells were harvested 48 h post-transfection and lysed for luciferase assay. 
The luciferase activity was measured by a Turner TD 20/20 luminometer (Promega) 
using the Dual-Luciferase Reporter Assay System (Promega) according to the 
manufacturer's instructions. In brief, Aliquot luciferin in substrate buffer and fresh 
diluted 1x stop & glo™ solution was pre-warmed at room temperature at dark place. 
Before analysis, 100 μl of luciferase substrate was added into 12 x 50 mm Round 
bottom Polypropylene tube and mixed with 20 µl of cell culture lysate. Firefly 
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luciferase activity was read by the Turner TD 20/20 luminometer. Renilla luciferase 
activity was read by adding 100 μl of 1x stop & glo™ solution followed by measuring 
of firefly luciferase activity. Background reading from mock transfection was 
subtracted from each reading. Integrate time was set to 12 seconds and delay time set 
to 3 seconds. A personal computer connected to the Turner TD 20/20 luminometer via 
a 9-Pin RS232 serial cable and data were collected in Microsoft Excel spreadsheet by 
Spreadsheet Interface Software. Each experiment was carried out with triplicate. At 
least three independent experiments were done for each treatment. 
 
2.6 Western blotting 
Total protein was extracted from cultured mammalian cells by modified 
radioimmunoprecipitation (RIPA) buffer (50 mM Tris-HCl pH 7.4, 1% NP-40, 0.25% 
Na-deoxycholate, 150 mM NaCl, 1 mM EDTA, 1 mM Phenylmethylsulphonyl 
fluoride, 1 μg/ml Aprotinin, 1 μg/ml Pepstatin A, 1 mM Na3VO4, 1 mMNaF). One 
tablet of cocktail protease inhibitor (KPL,Gaithersburg, MD) was added to the buffer 
immediately before use. Briefly, for a 10 mm culture dish, 200 μl RIPA buffer 
(volume was adjusted accordingly in 6-well and 48-well culture plates) was added and 
cells were detached by a cell scraper. Mixture was transferred into a 1.5 ml eppendorf 
tube and incubated on an orbital shaker at room temperature (RT) for 15 min. The 
mixture was thawed after being frozen overnight at -20°C and centrifuged at 10000 g 
for 15 min at 4°C.The cell debris was discarded and the concentration of protein in 
the supernatant was measured by Bradford protein assay reagent (Bio-Rad). An 
aliquot of 50 μg protein sample was frozen at -80°C or immediately analyzed by 
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Western blotting. Denatured protein was chilled on ice for 5 min and separated on 
12%SDS-polyacrylamide gel by a SE 250 vertical electrophoresis apparatus (Hoefer, 
San Francisco, CA). Protein was transferred to Hybond-C nitrocellulose membrane 
(Amersham Biosciences, Piscataway, NJ). The membrane was then peeled off from 
the gel and rinsed with 1 x TBST (TBS plus 0.05% Tween20) once and blocked in 1 x 
TBST with 5% nonfat dry milk overnight at 4°C on a rocking platform. The blot was 
then incubated with primary antibody which is either rabbit anti-EGFP (1:1500 
dilution, Clontech), mouse anti-GAP43 (1:10,000 dilution, Clontech), anti-DsRed 
(1:2000 dilution, Clontech) or rabbit anti-bovine calmodulin (1:1000 dilution, 
Clontech). After washing three times with 1 x TBST, the blot was incubated with 
horseradish peroxidase-conjugated goat-anti-rabbit IgG (for all rabbit-origin primary 
antibodies, Chemicon, Temecula, CA) or goat-anti-mouse IgG (mouse-origin primary 
antibodies, Santa Cruz Biotech, Santa Cruz, CA) at a 1:10,000 dilution in 1 x TBST 
with 5% skimmed milk at RT. Detection of immunoactive bands was performed by 
incubating the blot with SuperSignal West Pico Chemiluminescent Substrate solution 
(Pierce, Rockford, IL) for 2 min, followed by exposure to CL-X Posure™ Film 
(Pierce) or Kodak film (Kodak, Singapore). 
 
2.7 Confocal laser scanning microscopy  
Either N2a or PC12 cells was cultured on coverslips presoaked with 
poly-D-lysine overnight. The coated coverslips were placed into the bottom of the 35 
mm petri dish. Before confocal microscope operation, plasmids with EGFP or 
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DsRed-fusing GAP43 (various mutants) or/and EGFP or DsRed-fusing CaM were 
transfected using TransIT-LT1 transfection reagent when the cell confluence reached 
to 80%.  
 Twenty four hr after transfection, culture was replaced with fresh medium for 
another 24 hr. The transfection rate was examined under fluorescence microscope 
with filters for detecting green and red fluorescence. CaM and GAP43 co-transfection 
was observed as the overlapped fluorescence as a yellow color. Cells at this stage 
were either treated with DMSO as control or 100 nM PMA for the 5 min stimulation. 
Cells were then washed, fixed and stained for confocol observation: 
(1) Rinse cells with PBS three times at room temperature.  
(2) Fix cells with 4% paraformaldehyde in PBS( freshly prepared) for 15 minutes 
at RT. 
(3) Wash cells 3 times, 5 min each time with PBS. 
(4) Permeabilize cells with 0.1% Triton X-100 in PBS for 1-4 min. 
(5) Rinse cells with PBS. 
(6) Add The Mount-Quick™ Aqueous Mounting Medium with 1 μg/ml DAPI 
onto cells then put coverslips onto slides slowly without introducing any 
bubble. 
(7) Dry the slides in the dark at room temperature overnight.  
(8) Clean slides with nail polish. 
(9) Observe under confocal microscope. 
The confocal microscope used was an Olympus FV500 fluoview laser scanning 
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microscope. Cells were record with a 100 X oil lens. The excitation wavelength used 
for DAPI counter staining is 405 nm. The excitation wavelengths for detecting EGFP 
and DsRed are 488 nm and 543 nm, respectively. All imaging was conducted at room 
temperature of 25°C ± 4°C to minimize dye leakage. 
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Table 1     
The primers used in molecular cloning  
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 Figure 2.1  




Fig.2.1 The reporter plasmid pGL3-pNg (+3) was constructed in such a way that 
5’-flanking sequence from +3 to +260 was placed upstream of luciferase cDNA in 
pGL3-Basic vector. By measuring the luciferase activity driven by Ng minimal 
promoter, the transcriptional regulation of Ng gene by various factors could be 
indirectly manifested. 
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Figure 2.2  
The construct of plasmids of DsRed-fusing GAP43 and CaM 
 
Fig 2.2 The serine41 in GAP43 cDNA was mutated to be aspartic acid or glycine use 
a PCR mediated site-directed mutagenesis. The wt GAP43 or mutated GAP43 was 
cloned into pDsRed-monomer-N1 vector through SacI and KpnI sites in MCS. The 
bold and underlined sequence is the conservative IQ domain of GAP43. The CaM 
cDNA was cloned into this vector through XhoI and BamHI sites in MCS. 
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Figure 2.3 




Fig 2.3 Wild-type or mutated GAP43 cDNA with PCR-introduced SacI and KpnI 
linkers was cloned into pEGFP-C2 vector. XhoI and BamHI RE sites were created in 
CaM cDNA by PCR. Then the cDNA was cloned into pEGFP-C2 vector through 
XhoI and BamHI in MCS. 
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Chapter 3 
Induction of Neurogranin Expression by NO and NGF 
 
3.1 Introduction 
 Neurogranin/RC3 (Ng) is a postsynaptic protein that binds to calmodulin 
(CaM) in the absence of or in low levels of Ca2+. As a Ca2+ capacitor, this protein is 
implicated in learning and memory by mediating long-term potentiation (LTP) and 
Ca2+/CaM-dependent pathways (Gerendasy and Sutcliffe, 1997; Pak et al., 2000; 
Huang et al., 2004; Zhabotinsky et al., 2006). Extensive studies have focused on its 
role in intracellular Ca2+ concentration modulation (Cohen et al., 1993), the 
interaction between its IQ motif and CaM, the phosphorylation and oxidation 
modulation of its functions, and its implication in neuronal death (Devireddy and 
Green, 2003; Gui et al., 2007). A collective line of evidence was shown that its 
expression in the central nervous system (CNS) is regulated by thyroid hormone, 
retinoic acid, and vitamin A (Enderlin et al., 1997; Husson et al., 2003) and its 
expression level decreases with aging (Etchamendy et al., 2001; Mons et al., 2001; 
Feart et al., 2005). A thyroid hormone responsive element located in the first intron of 
the human Ng gene homolog interferes with T3 trans-activation (Morte et al., 1999; 
Martinez et al., 1999). Although the presence of several consensus responsive 
elements for glucocorticoids and retinoic acid were noted in the upstream promoter 
region of Ng, neither of these hormones influences the transcription of Ng in 
mammalian cells (Morte et al., 1997). The phorbol ester and PKCs were found to 
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stimulate the transcriptional activity directed by the 5’-flanking sequence of the rat Ng 
gene (Sato et al., 1995). Transcription factors Sp1 and Sp3 were recently shown to 
modulate Ng transcriptional activity (Gui et al., 2006).  
Ng is a redox-sensitive protein containing four cysteine (Cys) residues that are 
readily oxidized by nitric oxide (NO) (Sheu et al., 1996). Oxidation of Ng forms an 
intramolecular disulfide bond and, similar to phosphorylation by PKC, reduces the 
binding affinity for CaM (Huang et al., 2000). As a novel biological messenger 
synthesized by three main isoforms of NO synthase (NOS), NO can also regulate the 
expression of various eukaryotic genes (Bogdan 2001). In the CNS, NO is thought to 
be involved in regulating neurogenesis, synaptic plasticity, LTP and learning and 
memory (Holscher 1997; Hawkins et al., 1998). It is of interest to investigate whether 
the transcription of Ng gene, like many other genes, could be regulated by NO in 
addition to its biochemical oxidation effect on Ng.  
NO donors, as exogenous sources of NO production, have been broadly used in 
different areas of research. In the present study, various NO donors were used to test 
its effect on Ng gene transcription. With Ng minimal promoter (5’ flanking region 
from +3 to +260, Gui et al., 2006) constructed in luciferase reporter vector, it is  
possible to monitor the effect of different NO donors on Ng gene transcription 
reflected by luciferase expression level driven by Ng promoter. Our results showed 
some of the NO donors increase the Ng gene transcription while others do not. 
However, study on the mRNA level of Ng upon those NO donors’ stimulation showed 
that those NO donors were unable to induct Ng mRNA transcription either in kidney 
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derived 293 cells, or in neuronal PC12 cells. 
GAP43, a neuronal growth association protein, exhibits elevated synthesis and 
axonal fast-transport during development and nerve regeneration (Snipes et al., 1987; 
Benowitz and Routtenberg, 1987; Skene and Virag 1989). GAP43, a presynaptic 
counterpart of Ng, has different intracellular and brain-region distribution from Ng. 
By comparing the protein sequence of Ng with GAP43, a highly conserved IQ motif 
AA(X)KIQASFRGH(X)(X)RKK(X)K was revealed. This IQ motif contains the PKC 
recognition and CaM binding site. GAP43 interacts with CaM in a Ca2+ -dependent 
pattern. Its expression elevation was demonstrated in different experimental system 
(Skene and Kalil, 1984; Freeman et al., 1986). Various important factors to control 
GAP43 expression was manifested in PC12 cell culture (Costello et al., 1990). 
Among them NGF showed the most prominent effect on induction of GAP43. In the 
present study, we also examined whether those factors that induce GAP43 expression 
in PC12 could have the same effect on Ng by using the same PC12 cell culture system. 
We tested Nerve Growth Factor (NGF), Epidermal Growth Factor (EGF), 
dexamethasone (DEX) and retinoic acid (RA) in vitro by adding them into cultured 
PC12 cells and then examined the level of Ng transcripts by reverse-transcription 
PCR. Among the growth factors we tested, only NGF showed induction potentiality 
for Ng gene transcription while other factors showed no induction of Ng transcripts in 
our experimental conditions. In additional, by semi-quantitative RT-PCR, we 
demonstrated that NGF exerted a dose-dependent induction of Ng gene transcription 
in such a way that 50 ng/ml NGF reaches its saturation of inductive potentiality. Our 
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results also showed that the induction of Ng gene transcription by NGF is 
time-dependent with the maximum induction of Ng transcription with 48 hr duration. 
In addition, our data revealed that the NGF stimulation effect on Ng expression in 
PC12 cells was completely suppressed by 24 hr pre-treatment of DEX. However, the 
induction of Ng mRNA in PC12 cells upon NGF stimulation was not the case when 
HEK 293 cells were tested, suggesting that some neuronal specific transcriptional 
factors are needed. Detailed findings will be illustrated and the importance of these 
findings and the underlying mechanism will be discussed as below. 
 
3.2 Results and Discussions  
3.2.1 NO donors enhanced Ng promoter activity 
 Our lab previously did an extensive study on the effect of two of NO donors, SNP 
and SNAP. In the previous study, SNP was shown not to up-regulate Ng gene 
transcription while SNAP up-regulates Ng gene transcription. That this two different 
NO donor showed differential effect on Ng transcription implicated that more NO 
donors should be tested for a reasonable explanation of NO effect on Ng transcription. 
Ng promoter reporter plasmid was thus made and verified by RE digestion as shown 
in figure 3.1 and DNA sequencing. This plasmid used to measure the quantity of 
luciferase was expressed upon different NO donor stimulation. The plasmid pRLsv40 
was used to correct the differences caused by different efficiency of transfection for 
each experiment. The whole procedure is similar to those which have been done on 
SNP and SNAP in previous work, except more NO donors were tested. In figure 3.2, 
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the NO donor SNAP was included in the present study as a positive control. As it 
showed, SNAP had a similar effect of increasing Ng transcription as previously 
demonstrated, even though in the present experiment, SNAP showed slightly lower 
relative luciferase activity (0.55) compared with previous one (0.8). This difference 
might be caused by different quality of normalized plasmid pRLsv40 used. We have 
confirmed that the plasmid 280/260nm ratio could largely affect the transfection 
efficiency, which consequently affect the ratio of firefly luciferase expressed by 
pGL3-pNg (+3) to renilla luciferase expressed by pRLsv40. So it is not surprising that 
the ratio is different from one experiment to the other. However, there is no other 
experiment which shows an opposite trend in terms of an increased Ng gene 
transcription. Therefore, the data is reliable especially when same batch of plasmids 
were used in the experiment. For instance, independent experiments could have 
similar value as long as the same batch of same amount of plasmid was used. This 
explains why in figure 3.2, very small standard error is shown.  
As shown in figure 3.2, compared with the control group in which only PBS 
instead of either of the NO donors was added into the HEK293 culture, NOC-7, 
NOC-9 and Spermine NONOate did not stimulate any heightened Ng transcriptional 
activity. Previous work also indicated that PBS did not change Ng minimal promoter 
basal activity. Our results also showed that SIN-1.HCL and NOR-3 could increase Ng 
transcriptional activity to a degree that is larger than SNAP (SIN-1.HCl had a value of 
0.60 and NOR-3 even reached the value of 0.80, as compared to 0.40 for PBS alone 
and 0.55 for SNAP). The other two NO donors, SNP and 
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4-Phenyl-3-furoxancarbonitrile showed harmful effect on the cells and caused 
massive cell death. We also tested NOR-3, a chemical with the most prominent effect 
on Ng promoter, and in primary cortical neuron culture, we confirmed the effect of 
this chemical in increasing Ng gene transcription level. The NO-GC-cGMP pathway 
was verified as the underlying mechanism for this elevating effect (Gui et al., 2007). 
Our results showed that NO donors with longer half-life promoted Ng transcription 
while short half-life NO donors displayed detrimental effect on Ng transcription. 
Unfortunately, it was impossible in our experiment to reconcile our previous findings 
with current results. For example, SIN-1.HCl has a relative short half-life, but yet it 
enhanced Ng transcription. The pattern of NO release from NOR compounds is very 
similar to that of NOC series of compounds and follows the first-order kinetics, but in 
our experiment, NOR-3 showed different influence on Ng transcription from that of 
NOC-7 and NOC-9. Therefore, it is unreasonable to attribute the differential effects to 
NO release pattern. Further investigations involving direct measuring of the NO 
concentration in the cell is probably required in order to gain more insights as to how 
NO may affect Ng transcription. NO donor application in our experimental system 
could only provide in vitro evidence on how NO affects Ng transcription. Further 
experiment should also focus on animal experimental system to obtain in vivo 
evidence which is more physiological relevant. Recently, Huang et al. (2006) reported 
that environmental enrichment boosts Ng expression and in turn enhances 
hippocampal learning and memory. Even though Ng is an abundant protein in 
postsynaptic neuron, it is possibly the transcription and expression level of Ng in adult  
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Figure 3.1 




Fig 3.1 Ng promoter reporter plasmid pGL3-pNg (+3) was prepared as in method. 
The insertion of PCR fragment corresponding to 5’ flanking of Ng gene from +3 to 
+260 in pGL3 basic vector was verified through RE digestion with XhoI and SacI 
shown in lane 2. Lane 1 is the 1 kb DNA ladder (Fermentas).
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Figure 3.2 
NO donors enhanced Ng promoter activity  
 
 
Fig 3.2 As chemicals’ name indicated in the bar graph, 200 μM each of various NO 
donors was applied in HEK 293 cell culture for 24 hr. Ng transcritption activities 
were analyzed by Promega Dual-Luciferase assay system. The relative activity was 
normalized by renilla luciferase activities. In the control group, PBS were applied in 
the culture with other conditions same as NO donors. The data represent at least three 
independent experiments of triplicate measurements for each sample in a 6-well plate 
culture. Data was shown as mean ± SEM. ** p < 0.01,   *** p < 0.001 from 
one-way ANOVA. 
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mice could be modulated by certain stimulations. It is also very likely that Ng 
expression is regulated in some developmental stage; in this case further studies are 
necessary to clarify whether NO plays a role in the process of Ng up-regulation 1 or 2 
weeks after birth when its expression level is rapidly reaching the adult level.  
 
3.2.2  NO donors were unable to induce Ng mRNA expression in HEK293 and 
PC12 cells 
 Since we have known that 3 of NO donors could enhance the Ng promoter 
activity, we would like to know further whether this promoter activity enhancement 
by NO donors could be reflected by mRNA level. To do this, we pick up SNAP, 
NOR-3 and SIN-1 as the agents to try their effect on Ng mRNA level in HEK293 cells 
as well as neuronal PC12 cells. To our surprise, Ng mRNA in neither HEK293 cells, 
nor in PC12 cells was induced by these NO donors. As observed in Figure 3.3a, the 
RT-PCR results from HEK293 cells indicated that upon treatment with NO donors, 
SNAP, NOR-3 and SIN-1 in same condition as that were carried out for the promoter 
activity assay, Ng mRNA was not reaching the detectable level. Even though the Ng 
promoter activity could be higher than basal level upon several NO donors stimulation, 
the mRNA level of Ng, which is more reliable index for real expression pattern, was 
not induced by these NO donors. The reason for this discrepancy could be that in the 
first place, the promoter assay is not really the perfect assay system. It is only a way 
to tell researcher which factor might affect the transcription but the results obtained 
may not reflect the actual physiological situation. The second reason could be that in 
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the promoter assay, only very short 5’-flanking region was used, which we have 
already defined as basal level required region (Gui et al., 2006). However, we could 
not exclude the possibility that some other inhibitory elements upstream of the 5’ 
flanking region may be at work. The mRNA transcription of Ng must be in a very 
complicated intracellular environment where many cis-elements and trans-factors are 
interacting from time to time. This could also be the possible reason accounting for 
the differences we got between Ng promoter and mRNA assay. The third possible 
reason is that Ng mRNA induction may require some neuron-specific transcriptional 
factors, especially since this protein is a neuron-specific protein. However, from our 
observation, this may not be the case. As shown in figure 3.3b, when the whole batch 
of NO donors treatments were moved onto neuron cell line PC12, we obtained similar 
results as those in HEK 293 cells. This observation ruled out the possibility that 
failure to induce Ng mRNA increase by NO donors is due to lack of neuron-specific 
factors or intracellular microenvironment. We speculated that NMDA receptor 
activation will cause increased intracellular NO production by nNOS which may 
regulate the Ng expression. What we currently found make us negate this thinking and 
start to believe that endogenous NO production could play a fine-tuning mechanism 
for Ng oxidation rather than a critical factor to regulate Ng expression level. 
Another possible explanation for that NO could enhance Ng promoter activity but 
could not induce Ng mRNA is miRNA regulation. The miRNA was first reported in 
1993 by Victor Ambros’ lab in Dartmouth College (lee et al., 1993) and the main 
function of mature miRNA was described to downregulate gene expression. Since 
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then, more and more cases of miRNA regulating gene expression and its implication 
in cancer formation were reported (O'Donnell et al., 2005; Lu et al., 2005). The 3’ UTR 
of GAP43 was reported to control the GAP43 mRNA’s longevity (Tsai et al., 1997). 
Even though to date no document is available for the post-transcriptional regulation of 
Ng, we could not exclude that the possibility of Ng mRNA was down-regulated by 
mature miRNA complementary to its 3’ UTR region.  
 
3.2.3 NGF-induced Ng mRNA expression in PC12 cells 
 PC12 cells have served as a model system to study a variety of problems related 
to neuronal differentiation and function. The PC12 pheochromocytoma cell line 
responds to NGF by stimulating neurite outgrowth and developing many other 
properties similar to those of sympathetic neurons (Greene and Tischler, 1976; Allen 
and Heinrich, 1987; Lee et al., 2005). 
EGF was also reported to stimulate neurite outgrowth of PC12 cells. Protein 
kinase regulated by NGF and EGF were detected in PC12 cells (Lynn and Gary, 1989). 
Recently, it was shown that EGF acted as a mild mitogen for PC12 cells, inducing cell 
proliferation when it was added (Alessio et al., 2007). EGF was also related to cell 
spreading and movement (Park et al., 2007).  
Glucocorticoid hormones promote differentiation of PC12 cells along the 
chromaffin pathway (Jose et al., 1998). PC12 cell was also shown to respond to 
cortical steroid such as DEX by increasing the activity of tyrosine hydroxylase, an 
enzyme involved in the synthesis of catecholamines. Other lines of evidence showed 
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that DEX inhibit neurite outgrowth (Unsicker et al., 1978). 
   RA is the active metabolite of vitamin A during the normal development of 
the central nervous system (Maden et al., 1998; Malik et al., 2000). VAD (vitamin A 
deficiency) mice showed a decreased expression of RAR (RA receptor). 
Administration of RA restores the age-related decrease in brain expression of its own 
receptors and of Ng to pre-senescent levels. (Enderlin et al., 1997). One of the initial 
effects of NGF on PC12 cells is the induction of the expression of immediate early 
genes (IEGs). Evidence showed that RA exerted important effects on PC12 cell 
proliferation and function and on the expression of IEG (Cosgaya et al., 1998). In 
PC12 cells, it was shown that RA had a specific effect on the responsiveness of PC12 
cells to NFG (Scheibe and Wagner, 1992; Boniece and Wagner, 1995). Therefore, 
studies on effect of RA on Ng induction in PC12 cells could provide direct evidence 
for in vivo regulation of Ng. 
The PC12 cell would differentiate into neurons in the presence of inducers, thus 
making the analysis of neuron-specific gene and regulation possible. Although the 
correlation of Ng with synaptic plasticity, learning and memory was well documented, 
how its expression pattern is altered by various neuron differentiating inducers is 
sparsely understood. As a post-synaptic counterpart of GAP43, we expected positive 
effects on Ng expression upon stimulation by various effectors capable of inducing 
GAP43 expression in PC12 cells. As our results shown in figure 3.4, upon 0, 5, 50 
and 100 ng/ml NGF stimulation for 24 hr, the total RNA in PC12 cells was extracted 
and semi-quantitative PCR was performed as described in chapter 2. After several 
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Figure 3.3  















Fig.3.3 Ng mRNA levels in HEK293 cells and PC12 cells upon NO donors 
stimulation were decided by RT-PCR. a: HEK 293 cells were treated with 200 uM 
each NO donors with indicated name for 24 hrs. Total RNA was then extracted and 
RT-PCR was carried out. M, 1 kb marker, lane 1 to 4 corresponds to NO treatment by 
SNAP, NOR-3, SIN-1 and PBS, respectively. b: same as panel a, except PC12 cells     
were used. 
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probe-trails of PCR condition, the start cDNA template used in PCR was roughly 
adjusted as same amount according to GAPDH level indicated in figure 3.4a left panel. 
The two cycles were chosen in such a way that the GAPDH level could be detected in 
the lower PCR cycle (28) but not saturated so that it can be seen increasing in higher 
PCR cycle (33). It is a sensitive approach for normalizing the target gene expression 
and at the same time an effective way to monitor and avoid any variation caused by 
PCR error. Any GAPDH band at the 33 cycle showed intensity lower than the 28 
cycle at the same stimulating condition was considered as out of confidence and 
removed from the data pool. The representative figure in figure 3.4a right panel 
revealed that at 28 PCR cycle with 5 ng/ml NGF stimulation (lane 2) we almost could 
not see a DNA band with Ethidium Bromide (EB) staining, while a band appeared at 
33 PCR cycle (lane 6) with a fair brightness indicating that Ng transcription could be 
induced in PC12 cells by NGF at a concentration as low as 5 ng/ml. The phenomenon 
observed here is similar to what was shown in the GAP43 induction experiment 
performed by Costello et al. in 1990. Fifty nanogram of NGF, as illustrated in lane 3 
and 7, could induce Ng expression in a stronger fashion. As compared with those 
stimulated by the 100 ng/ml in lane 4 and 8, 50 ng/ml NGF actually reached its 
maximum induction effect on Ng expression as observed in figure 3.4b. Following 
normalization, Ng expression level is shown to reach the plateau at a 50 ng/ml NGF 
application. In our hand, NGF could induce Ng messager RNA level with a 
dose-dependent pattern as illustrated in figure 3.4b. However, judging by the weak 
band shown in PCR with 28 cycles upon a 5 ng/ml NGF exposure and the fact that as 
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low as 1 ng/ml NGF could induce GAP43 expression in PC12 cells (Costello et al., 
1990), we tried to optimize a PCR condition for detecting Ng expression with higher 
sensitivity. Unfortunately, we could detect any Ng mRNA in PC12 cells upon 1 ng/ml 
NGF stimulation. From this we inferred that NGF has bigger potentiality for inducing 
GAP43 than for Ng, which could be possibly explained because GAP43 is a direct 
and critical protein for neuron outgrowth (Alessio et al., 2007) while Ng is more 
important in neuronal plasticity. Since methyltransferase inhibitors were shown to 
block all tested PC12 cell response to NGF (Seeley et al., 1984), it is tempting to test 
the inhibitor SIBA on the PC12 cell for its possible inhibitory effect on Ng induced by 
NGF. 
 
3.2.4  NGF induced Ng mRNA expression in a time-dependent pattern 
Knowing the dose-dependent induction of Ng expression by NGF, we were eager  
to see if NGF induces Ng expression in a time-dependent way. To do this, we exposed 
PC12 cells to 100 ng/ml NGF for various times starting from 1.5 to 48 hr prior to 
RT-PCR analysis. RT-PCR was then performed using GAPDH and Ng primers for 33 
cycles. As shown in figure 3.5a upper panel, GAPDH message from different 
treatment was adjusted to the same level. As seen in lower panel, Ng mRNA could 
not be observed in PC12 cells after 1.5 hr exposure to 100 ng/ml of NGF (lane 1). Ng 
transcription came to the verge of detection on 2% agarose gel with EB staining after 
3 hr exposure (lane 2). With the increase in exposure time, the DNA band intensity of 
Ng became stronger (lane 3, 4 and 5 for 12, 24 and 48 hr exposure, respectively). The  
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Figure 3.4  
Induction of Ng expression by NGF in PC12 cells 
 
Fig 3.4 Ng expression induced upon NGF stimulation was examined by 
semi-quantitative RT-PCR. a: With different NGF concentrations applied as shown 
below and different PCR cycles as shown above, the representative figures are shown 
as left panel for GAPDH mRNA level and right panel for Ng level, upon different 
concentration of NGF stimulation with either 28 or 33 PCR cycles; b: the DNA band 
intensity was measured by image J (NIH) software. Ng expression level normalized 
by GAPDH expression level at 0 ng/ml NGF stimulation was arbitrarily expressed as 
1. Each point in the figure was generated from 3 independent experiments and 
expressed as Mean ± SEM. 
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Figure 3.5  
Time-dependent induction of Ng expression by NGF 
 
Fig 3.5 Ng expression inducted by NGF was examined in a time-course. 
Semi-quantitative RT-PCR was performed with Ng or GAPDH primers. a: with  
indicated time of 100 ng/ml NGF exposure, RT-PCRs for GAPDH and Ng were run 
on 2% agarose gel. b: the DNA band intensity shown in a was measured by image J 
and the relative Ng mRNA level at different time of NGF exposure was graphed.  
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Ng expression was induced at the maximum level in the time course tested with 48 hr 
exposure. The trend of Ng expression increase is shown in figure 3.5b. The longer the  
exposure to NGF, the bigger the amplitude of Ng expression is. The curve is pretty 
much similar to the curve found in GAP43 induction though we did not try longer 
time exposure as performed for GAP43 for 4 days. 
 
3.2.5  DEX inhibited Ng mRNA expression induced by NGF  
Several glucocorticoids including DEX inhibit expression of GAP43 in PC12 
cells (Costello and Freeman, 1988; Federoff et al., 1988). So far there is no 
information available on whether DEX inhibits Ng expression or has an opposite 
effect. We then tested PC12 cells upon exposing to different concentration of DEX. 
Our results in figure 3.6 indicated that with a 0.01, 0.1 or 1 μM DEX application, Ng 
could not be detected in PC12 cells by RT-PCR. Other than oligos in PCR, there was 
a DNA band (NS) on 2% agarose gel but the molecular weight did not match the 
expected Ng amplicon which is 244 bp. Since most of the previous experiments used 
this concentration range of DEX for application, we did not try concentration of DEX 
above 1 μM. Nevertheless, based on our experiment, we did not expect any positive 
effect upon higher concentration of DEX exposure to PC12 cells.  
 Next, we asked the question that if DEX itself would not induce Ng mRNA 
in PC12 cells, whether the combined application with NGF would have any 
modulation for Ng induction. To our surprise, the results revealed that combined 
application of DEX and NGF could not induce any Ng mRNA in PC12 cells. As seen  
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Figure 3.6 





Fig 3.6 The Ng expression was examined in PC12 cells upon indicated 
concentrations of DEX stimulation for 24 hr. RT-PCR was performed using GAPDH 
or Ng primers. NS: non-specific band. oligos: primers, nucleotides and primer dimers. 
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in figure 3.7, the combined application of DEX and 100 ng/ml NGF obtained nothing 
but a non-specific (NS) band. In other words, the NGF induction of Ng expression in 
PC12 cells was totally inhibited by DEX, suggesting that NGF was not able to reverse 
the inhibitory effect of DEX on Ng expression. That DEX could only partially inhibit 
the NGF induction of GAP43 but completely suppressed the Ng expression induced 
by NGF in PC12 cells implicates between GAP43 and Ng, NGF employed differential 
inducing pathways.  
 
3.2.6  RA and EGF was not able to induce Ng mRNA expression 
RA is the active metabolite of retinoids (vitamin A compounds), and is thought to 
act as a gene regulator via ligand-activated transcription factors. The result in figure 
3.8a of RA induction indicated that RA had no effect on inducing Ng gene. The same 
result was found with GAP43 induction by RA application (Costello et al., 1990). Ng 
is among the few neuron-specific genes whose expression can be influenced by 
thyroid hormone level in the brain (Dussault et al., 1987). VAD rats showed a 
reduced Ng mRNA level in the dorsal striatum but not in hippocampal subfields, and 
RA administration failed to normalize the hypo-expression of Ng observed in the 
striatum but can reverse the hypo-expression of GAP43 (Husson et al., 2004). Our 
negative result of Ng induction by RA in PC12 cells suggests that the regulation of 
Ng by RA in the brain might be different. The regulation might be confined in 
specific brain regions which contain the required co-factors for gene regulation. 
Hence, the PC12 cell line may not able to reflect the right brain cell type in which 
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Ngcould be modulated by RA. Ng’s hypo-expression cannot be reversed by 
administration RA, while hypo-expression level of GAP43 can be restored by RA 
implied that although neither Ng nor GAP43 could be induced by RA in PC12 cells, 
the pathway and mechanism could be different. However, another thyroidhormone,  
T3, increased the abundance of Ng mRNA in the striatum for (vitamin A deficiency) 
VAD rat (Husson et al., 2003; Feart et al., 2005). Therefore, it is worth examining the 
effect of T3 on Ng expression in PC12 cells in the future.  
Even though previous GAP43 experiment had demonstrated that EGF has a 
subtle effect on GAP43 induction (Costello et al., 1990), experiment in figure 3.8b 
illustrated that a broad concentration range of EGF was unable to induce Ng in PC12 
cells. EGF was different from NGF in that it mainly induces proliferation other than 
differentiation (Chao, 1993). Ng is a strictly regulated neuron-specific protein. It is 
not surprising that Ng could not be induced in a less differentiated PC12 cell line. It 
was shown that its combination with KCl, EGF could stimulate neurite outgrowth of 
PC12 cells accompanied by a cAMP elevation (Melanie et al., 1995). Thus, possible 
induction of Ng expression in PC12 by EGF combined with KCl or other cAMP 
elevating reagents should be examined in future works. 
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Figure 3.7 
DEX completely inhibits the Ng induction by NGF 
 
 
Fig 3.7 The Ng expression was examined in PC12 cells stimulated by indicated 
concentrations of DEX combined with 100 ng/ml of NGF for 24 hr.  RT-PCR was 
performed using GAPDH or Ng primers. NS: non-specific band. oligos: primers, 
nucleotides and primer dimers.   
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Figure 3.8  
EGF and RA could not induce Ng expression in PC12 cells 
 
Fig 3.8 Ng mRNA expression was examined in PC12 cells upon indicated 
concentrations of RA or EGF stimulation for 24 hr. RT-PCR was performed using 
GAPDH or Ng primers. a: RT-PCR result for RA effect on Ng induction. RA was 
applied on cultured PC12 cells at indicated concentration for 24 hr prior to RNA 
extraction. b: RT-PCR result for EGF effect on Ng induction. PC12 cells were 
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3.2.7 NGF, EGF, RA and DEX could not induce Ng mRNA expression in 
HEK 293 cells 
 After we know NGF could induce Ng mRNA expression in PC12 cells, we asked 
the question whether this induction is a neuron-specific or cell-type-independent 
phenomenon. To answer this question, we applied all the possible inducers including 
NGF, EGF, RA and DEX to the kidney derived 293 cells. As expected, none of these 
chemicals could induce Ng mRNA expression in HEK293 cells. As you can see in 
figure 3.9, upon each 100 ng/ml of NGF, 10 ng/ml of EGF, 10 µM of RA or 1 µM of 
DEX treatment, the housekeeping gene GAPDH used for normalization purpose 
showed up with a positive band but not for Ng. The concentration of each chemical 
used was in accordance to the publications on GAP43 induction in PC12 cells, which 
should give the most potent effect on the cells. This result indicated that the Ng 
mRNA inducted by NGF in PC12 cells is a cell specific event. PC12 is a 
neuron-derived cell line. We deem the observed NGF induction in PC12 cells as more 
physiological relevant that that of in HEK293 cells. That means it is very likely in 
CNS, NGF could induce Ng mRNA expression that makes its neuronal specificity. 
That NGF could not induce Ng expression in 293 cells could be explained by lack of 
neuronal specific transcriptional factor directly or indirectly interact with NGF for Ng 
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Figure 3.9 
NGF, EGF, RA and DEX could not induce Ng mRNA in HEK293 cells 
 




Fig 3.9 NGF, EGF, RA and DEX were applied to HEK293 culture for 24 hrs and 
their effects on Ng mRNA induction were determined by RT-PCR. M, 1 kb marker; 
Lane 1, 100 ng/ml NGF; Lane 2, 10 ng/ml EGF; Lane 3, 10 µM RA; Lane 4, 1 µM 
DEX. In the upper panel: Ng was used as primer for PCR. In the lower panel: 
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Chapter 4 
Localization, Translocation of GAP43 and Its Intracellular 
Co-localization with Calmodulin 
 
4.1 Introduction 
Nelson and Routtenberg (1985) observed that long-term potentiation in rat 
hippocampal formation leads to a selective increase in the phosphorylation of a 
47-kDa protein band (F1). This protein is a growth-associated protein with fast axonal 
transportation and was so coined as GAP43. GAP43 is a membrane-enriched protein 
kinase C (PKC) substrate whose phosphorylation is stimulated by Ca2+ and 
phosphatidylserine. Enriched GAP43 was found in the growth cone particulate 
fraction (GCp), and could be in vitro phosphorylated by PKC (Van Hooff et al., 1988). 
By using immuno-gold technique, Van Hooff et al. (1989) showed that an intracellular 
translocation of GAP43 accompanied the acquisition of neuronal features of PC12 
cells upon never growth factor (NGF) or dibutyryl cyclic AMP (dbcAMP) stimulation. 
This indicates a neurite growth-associated role for GAP43, performed at the plasma 
membrane at the site of protrusion. Later, Van Lookeren Campagne et al. (1989) 
performed an ultrastructural immunocytochemical study on the localization of GAP43 
in isolated presynaptic terminals (synaptosomes) and neuronal growth cones. The 
similar GAP43 localization in neuronal growth cones and synaptosomes suggests that, 
both in extending axons and mature synaptic terminals, GAP43 may exert identical 
functions as a protein kinase C substrate at the plasma membrane.   
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 Through investigating the hippocampus slice under conditions that stimulate or 
inhibit PKC and neurotransmitter release, Dekker et al. (1989a) demonstrated that 
there is a correlation between phorbol diesters enhancing the release of various 
neurotransmitters and increased phosphorylation of GAP43. The same investigator 
(Dekker et al., 1989b) found that antibodies to GAP43, which interfere with GAP43 
phosphorylation, could completely inhibit the release of noradrenaline induced by 
increasing the Ca2+ concentration in the buffer. These results provide the first 
demonstration of a relationship between the PKC substrate GAP43 and the release of 
neurotransmitter. Botto et al. (2007) recently reported that after activation of PKC 
with phorbol 12-myristate 13-acetate (PMA) or glutamate, dramatically increased 
content of PKC and GAP43 were found to associate with detergent resistant 
membrane (DRM). Meanwhile, the PKC activation was accompanied by increased 
phosphorylation of GAP43. Surprisingly, after cell treatment with the lipid 
raft-disrupting drug methyl-beta-cyclodextrin, PKC activation occurred normally, 
followed by MARCKS phosphorylation, but GAP43 phosphorylation did not occur. 
The investigators suggested that the integrity of lipid rafts is necessary for PKC to 
affect GAP43 and catalyze its phosphorylation and association with cell membrane.  
 Alexander et al. (1987) first characterized the GAP43 as a calmodulin (CaM) 
binding protein in addition to its acid solubility. GAP43 exhibits higher affinity for 
CaM in the absence of free Ca2+ than in the presence of free Ca2+. Labate and Skene 
(1989) compared the fish and mammalian GAP43 sequence and observed two 
conservative domains. A strictly conserved amino-terminal domain contains the 
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putative site for fatty acylation and membrane attachment, and a CaM binding domain 
contains a proposed phosphorylation site. They suggested that the evolutionary roles 
of GAP43 may depend on an ability to form a dynamic 
membrane-cytoskeleton-calmodulin complex through these two conservative domains. 
The serine41 in sequence of IQASFR was identified as the PKC phosphorylation site of 
GAP43 (Apel et al., 1990). This IQASFR is very conservative in almost all 
CaM-binding proteins.  
As it was mentioned in chapter 3, GAP43 is the pre-synaptic counterpart of Ng in 
that both of them contain IQ motif that can bind to CaM. Both of them could be 
phosphorylated by PKC (Baudier et al., 1991; Paudel et al., 1993).Upon PKC 
phosphorylation, both of them showed attenuated affinity to CaM, by which the 
intracellular level of free CaM could be regulated (for reviews, see: Estep et al., 1990 
Gerenedasy et al., 1997). Detailed studies on phosphorylation sites of Ng and GAP43 
showed that these two proteins share similarity to large extent. Using yeast 2-hybrid 
methodology, Prichard et al. (1999) demonstrated that the IQ domain is important for 
CaM binding to Ng in vivo. The Ile-33 to Gln point mutant completely inhibited 
Ng/CaM interaction and both Arg38 to Gln and Ser-36 to Asp point mutants reduced 
Ng-CaM interactions. Other experiments showed that mutagenesis of Ser41 into Thr 
or Ala resulted in recombinant GAP43 products with mobilities on two-dimensional 
electrophoresis similar to those of the non-mutated recombinant GAP43. However the 
phosphorylation of mutated GAP43 was abolished (Nielander et al., 1990). Similarly, 
if the Ser41 in GAP43 was mutated to an aspartate residue to mimic constitutive 
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phosphorylation, the interaction with CaM was blocked (Chao et al., 1996). 
Even though all these findings provide clear evidence on the close interplay 
among GAP43, CaM and PKC, direct observation of their interactions has not yet 
been reported. We were eager to see the dynamic intracellular translocation of 
wtGAP43 and phosphor-site mutated GAP43 upon PKC activation by PMA. By these 
experiments, we hope to provide enough information on GAP43 localization, 
translocation and how phosphorylation of GAP43 affects its intracellular localization. 
Secondly, through co-expression of GAP43 and CaM with different fluorescence, we 
hope to observe the direct interaction between these two proteins. 
In the present study, the cellular localization of GAP43 and translocation in both 
N2a and PC12 cell line were investigated. Serine41 mutants of GAP43 were made so 
that the function of this phosphorylation site could be implied by the experiment 
observations. Two different fluorescence tags were fused to GAP43 and CaM 
respectively so that localization of GAP43 and its co-localization with CaM could be 
visualized by a confocal laser scanning microscope.  
We expressed the GAP43 protein fusing with enhanced green fluorescence 
protein (EGFP), and DsRed fluorescence protein in N2a cells. Our results showed the 
intracellular localization of GAP43 was different depending on which fluorescence 
was fused with. While the expression of DsRed-fusing GAP43 protein was closely 
associated with cell membrane, the EGFP-fusing GAP43 was dispersed in the whole 
cytoplasm regardless of whether PMA stimulation was applied or not. When the cell 
expressed with DsRed-fusing GAP43 was stimulated with 100 nM PMA, the red 
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florescence was found mainly in the sprout of the cell membrane, indicating a close 
functional relation with neuron differentiation of neurite growth. In addition, our CaM 
and GAP43 co-localization experiments indicated that GAP43 recruit the CaM to the 
region near to cell membrane.  
 
4.2 Results and Discussions 
4.2.1 Expression of EGFP and DsRed-GAP43 and EGFP-CaM  
As described in chapter 2, plasmids with Wt and serine41-mutated GAP43 fused 
with either EGFP or DsRed were constructed. They are pDsRed-mGAP43-S41G 
(serine41 was mutated to be glycine to ablate the phosphorylation), 
pDsRed-mGAP43-S41D (serine41 was mutated to be aspartic acid to mimic the 
phosphorylation), pDsRed-WtGAP43 (wild-type GAP43), pEGFP-mGAP43-S41G 
(same as pDsRed-mGAP43-S41G except the GAP43 cDNA was fused to EGFP 
instead of DsRed), pEGFP-mGAP43-S41D, pDsRed-CaM (CaM cDNA fused to 
DsRed) and pEGFP-CaM (CaM cDNA fused to EGFP). The right insertion of the 
GAP43 and CaM cDNA were analyzed by RE digestion and DNA electrophoresis. As 
shown in figure 4.1, after double digestion with SacI and KpnI (the two RE sites that 
were used to clone GAP43 into the vectors), all GAP43 plasmids (lane 2 to 7) 
displayed an expected DNA band at 685 bp, which corresponds to GAP43 cDNA size. 
Lane 8 and 9 were the digestion of pEGFP-CaM and pDsRed-CaM by XhoI and 
BamHI, and the 450 bp band was shown in each lane corresponding to CaM cDNA 
size. All the plasmids were finally sequenced by a Big-dye III DNA sequencing kit 
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and shown that the right sequence and site-directed mutagenesis were achieved. 
 Then we examined the efficiency of these expressing plasmids in N2a cells. To do 
this, we transfected the plasmids into N2a cells and examined the fluorescence 
expression under a fluorescence microscope. This experiment ensured our confidence 
to use these fluorochromes (EGFP and DsRed) for tracking the intracellular 
localization of the proteins of our interest (GAP43 and CaM). Third day 
post-transfection, and just before the cells were lysed for Western blotting analysis, 
the fluorescence in N2a cells transfected with various EGFP or DsRed plasmids was 
observed under a Nikon fluorescence microscope. An example was illustrated by 
co-transfection of plasmids pEGFP-CaM and pDsRed-WtGAP43. Figure 4.2a was 
recorded in the transmission field. When activated with a laser beam, the fluorescence 
was recorded using a filter with corresponding emission wavelength. As shown in 
figure 4.2b, when a green fluorescence filter was used, most of the cells showed the 
green fluorescence conferred by the expression of EGFP-CaM fusing protein. A red 
fluorescence filter was used to record the red fluorescence emitted from 
DsRed-GAP43 fusing protein as shown in panel c. The panel d shows the overlap 
view of green and red fluorescence when both filters were used.  
After the fluorescence was observed, we further confirmed the expression of the 
fusing protein by Western blotting. The total protein extracted from cells 3-day 
post-transfection was challenged by various antibodies including anti-EGFP, 
anti-DsRed, anti-GAP43 or anti-CaM, in such a way that we could confirm the  
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Figure 4.1  






Fig 4.1 RE digestion was done at 37°C water bath overnight. From lane 1 to 7: 1 kb 
DNA ladder, DsRed-WtGAP43, DsRed-mGAP43-S41D, DsRed-mGAP43-S41G, 
EGFP-WtGAP43, EGFP-mGAP43-S41D, EGFP-mGAP43-S41G, respectively. These 
were double digestions using SacI and KpnI. Lane 8 and 9 are: DsRed-CaM and 
EGFP-CaM, respectively. These were double digestions using XhoI and BamHI.  
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Figure 4.2 
Observation of fluorescence emission in fusing proteins   
 
 
Fig 4.2 Plasmid pDsRed-WtGAP43 and pEGFP-CaM were co-transfected into N2a 
cells. On the third day of post-transfection, the fluorescence was observed under a 
Nikon fluorescence microscope using different filters. a, transmission field. b, green 
fluorescence filter. c, red fluorescence filter. d, overlap of green and red fluorescence. 
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expression of target protein (here are GAP43 and CaM), and meanwhile, we could 
make sure that the EGFP or DsRed tag was properly expressed together with the 
protein of interest. As shown in figure 4.3a, the blot challenged with anti-EGFP 
showed a 72 KD band which is exactly the expected size of GAP43 (43 KD) plus 
EGFP (29 KD). This was confirmed in figure 4.3 blot b, in which an anti-GAP43 
antibody was used. That the single amino acid mutation did not change the migration 
of protein in polyacrylamide gel was expected. Wild-type and mutants of 
EGFP-fusing GAP43 displayed the band at same position. The immunoactivity on 
blot a and b not only indicated that both the epitopes of EGFP and GAP43 were 
present in the fusing protein, but also implied that the protein was expressed as a 
fusing protein in expected size. The expression of EGFP-fusing CaM was shown in 
figure 4.3c and 4.3d, which employed the anti-EGFP antibody and anti-CaM antibody, 
respectively. The immunoactivity was located in a position on the blots corresponding 
to a 50 KD protein standard, which is the total molecular weight of EGFP and CaM. 
Similarly, the expression of DsRed-fusing proteins was examined in the N2a cells. 
Figure 4.3e and 4.3f show the expression of DsRed-fusing GAP43 displayed on the 
Western blot as a 68 KD band, whichever the anti-GAP43 or anti-DsRed were used as 
primary antibody. The expression of DsRed-CaM was also confirmed by Western blot 
using either the anti-CaM antibody or anti-DsRed antibody as shown in figure 4.3g 
and 4.3h, respectively.   
 The verification of the DNA sequence of every plasmid, the observation of 
fluorescence under microscope and the Western blot confirmation of the expression of 
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these fusing proteins fortified our confidence on this experiment system we made.  
 
4.2.2 Observation of the intracellular localization and translocation of various 
forms of GAP43 
To understand the localization and translocation of GAP43, we used the 
florescence protein tag fusing with GAP43 so that we can track the intracellular 
location of GAP43. As previous context has shown us, we used two fluorescence 
proteins; enhance green fluorescence protein (EGFP) and DsRed fluorescence protein 
(RFP), to avoid the fluorescence protein involved interfering events. Our previous 
experiments showed that the regular dsRed protein fusing with our protein of interest 
actually caused protein aggregation in the cell cytosol, this problem was also reported 
by others (Baird et al., 2000). Therefore, in our new experiment system, we used 
monomer form of DsRed protein and this monomer form was confirmed not to cause 
protein aggregation. To our surprise, two forms of GAP43 fusing protein behaved 
very differently in neuroblastoma N2a cells. As shown in figure 4.4a, GAP43-EGFP 
fusing protein mostly dispersed to the whole cytoplasm of N2a cell. However, The 
EGFP fluorescence in N2a cells with EGFP vector (figure 4.4b) is evenly distributed 
while several EGFP-high vesicles inside the N2a cytoplasm were observed in 
GAP43-EGFP transfected group. This might be the intermediate endoplasmic 
reticulum (ER) to Golgi vesicle-mediated transport phase of GAP43. It has long been 
shown that GAP43 experience fast axonal transportation through Golgi to its targeting 
axonal growth cone (Skene et al., 1981). But whether this is the truth or not should be  
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Figure 4.3 
Expression of EGFP and DsRed-fusing GAP43 and CaM  
 
 
Fig 4.3 N2a cells were transfected with various plasmids, and the expression of these 
plasmids was examined by Western blotting. a, from left to right: EGFP-WtGAP43, 
EGFP- mGAP43-S41D, EGFP -mGAP43-S41G; A 72 KD band was detected with 
anti-EGFP primary antibody. b, same as panel a except that the anti-GAP43primary 
antibody was used. c, EGFP-CaM detected by anti-EGFP primary antibody as a 50 
KD band. d, EGFP-CaM detected by the rabbit anti-Bovine CaM primary antibody. e, 
DsRed-WtGAP43, DeRed-mGAP43-S41D and DeRed-mGAP43-S41G from left to 
right respectively. A 68 KD band was detected with anti-GAP43 primary antibody. f, 
same samples to e from left to right. A 68 KD protein band was detected with 
anti-DsRed primary antibody. g, DsRed-CaM; a band corresponds to the 42 KD was 
detected with DsRed primary antibody. h, DsRed-CaM; a 42 KD protein band was 
detected with anti-CaM primary antibody.  
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Figure 4.4  
Observation of the localization of EGFP-WtGAP43 
. 
 
Fig 4.4 N2a cells were transfected with either a plasmid EGFP-WtGAP43 as shown 
in a, or EGFP vector, pEGFP-C2 as shown in b. Three days after transfection, N2a 
cells were counterstained with DAPI and subjected to confocal microscopic 
observation. Each upper left panel is the image taken under DAPI fluorescence view; 
lower left is normal light view; lower right is green fluorescence view; upper right is 
the overlap of these three views. 
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Figure 4.5 
Observation of the localization of DsRed-WtGAP43 
 
Fig 4.5 N2a cells were transfected with either a plasmid DsRed-WtGAP43 as shown 
in a, or DsRed vector, pDsRed-monomer-N1 as shown in b. Three days after 
transfection, N2a cells were subjected to confocal microscopic observation. Each 
upper left panel is the image taken under DAPI fluorescence view; lower left is 
normal light view; lower right is red fluorescence view; upper right is the overlap of 
these three views. 
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validated by electronic microscope with higher resolution, which help to see clearly 
which intracellular organelle was associated with those bright EGFP-positive spots. In 
contrast to its EGFP-tagged form, GAP43-DsRed protein mainly displayed near to the 
cell membrane, as shown in figure 4.5a. The expression of GAP43-DsRed near to the 
cell membrane is very unique because in the vector control group (figure 4.5b), the 
DsRed protein alone was just expressed everywhere in the cytoplasm. Interestingly, 
near the cell membrane regions, we also observed the red fluorescence-high vesicle 
like spots similar to its EGFP-tagged counterpart. 
 Then we were eager to understand whether the mutation of phosphorylation site 
serine 41 in GAP43 protein will make the intracellular expression location changed in 
N2a cells. We therefore transfected fluorescence-tagged GAP43-S41D (serine was 
mutated to aspartic acid to mimic the phosphorylation of GAP43) and S41G (serine 
was mutated to glycine to abolish the phosphorylation of GAP43) to N2a cells. Much 
to our surprise, either the S41D or S41G mutation changed the expression pattern of 
GAP43. As we could see in figure 4.6a and 4.6b, introduction of GAP43 with mutated 
phosphorylation site to N2a cells made the green fluorescence evenly distributed in 
the cytoplasm. The EGFP-high spots found in WtGAP43 transfection were missing in 
these two transfections. It implied that the serine 41 phosphorylation site is implicated 
in the vesicle-mediated protein transportation. That the phospho-mimic form of 
GAP43 (S41D) was also lack the bright EGFP spots in the cytoplasm of N2a cell, 
which was the similar pattern as phosphor-ablated form of GAP43 (S41G), suggested 
that ‘being phosphorylated’ itself was not enough to change the expressing pattern and  
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Figure 4.6 
Observation of the localization of serine 41 mutated forms of EGFP-GAP43 
 
Fig 4.6 N2a cells were transfected with either a plasmid EGFP-S41G-GAP43 as 
shown in a, or EGFP-S41D-GAP43 as shown in b. Three days after transfection, N2a 
cells were subjected to confocal microscopic observation. Each upper left panel is the 
image taken under DAPI fluorescence view; lower left is normal light view; lower 
right is green fluorescence view; upper right is the overlap of these three views. 
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Figure 4.7 
Observation of the localization of serine 41 mutated forms of DsRed-GAP43 
 
 
Fig 4.7 N2a cells were transfected with either a plasmid DsRed-S41G-GAP43 as 
shown in a, or DsRed-S41D-GAP43 as shown in b. Three days after transfection, N2a 
cells were subjected to confocal microscopic observation. Each upper left panel is the 
image taken under DAPI fluorescence view; lower left is normal light view; lower 
right is red fluorescence view; upper right is the overlap of these three views. 
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the intracellular transportation of GAP43. These results implied that the direct 
molecular interaction between some factors in PKC phosphorylation machinery and 
serine 41 in GAP43 could play a critical role in formation of GAP43 transportation 
complexes. 
When we investigated the DsRed-tagged mutated GAP43, as shown in figure 4.7 
a,b, the mutations made no differences from DsRed-wtGAP43. Majority of the protein 
was expressed at the adjacent region to the cell membrane. It implied that 
DsRed-GAP43 expressing at the region near to cell membrane is not an event directed 
by phosphorylation of GAP43. These differences found in EGFP-GAP43 and 
DsRed-GAP43 could be explained by the different properties between EGFP and 
DsRed protein. And also very likely, different fluorescence proteins fused lead to 
different 3D structure of protein of interest.  
 It has been known that the basic fibroblast growth factor (bFGF) promote the 
GAP43 translocation in hippocampal neuron and activation by phorbol ester mimics 
the effect of bFGF (Tejero-Díez et al., 2000). It has also been known that PMA 
activates PKC. We next tried to know whether PMA, a canonic mitogen for cell 
differentiation, could induce the translocation of GAP43, and if any, whether this 
translocation induced is dependent on the phosphorylation of GAP43. To answer these 
questions, we transfected EGFP or DsRed-GAP43 with various forms (wt or serine 41 
mutated) to N2a cells. Before observation under confocal microscope, we applied 100 
nM PMA in the medium. The results revealed there was a differential effect of PMA 
on the translocation between EGFP-tagged and DsRed-tagged GAP43. For the 
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EGFP-GAP43, PMA application did not cause mutated GAP43 protein translocation. 
Majority of green fluorescence signal was distributed evenly in the cytoplasm as 
shown in figure 4.8b, c. However, to our surprise, PMA application changed the 
intracellular distribution of EGFP-WtGAP43 as compared to that of without PMA 
stimulation condition as shown in figure 4.8a. Fifteen seconds (we also tried 5 min 
and 30 min stimulation and had the similar results) after PMA addition, 
EGFP-WtGAP43 was found to distribute evenly in the cytoplasm, which resembled 
the distribution of mutated forms of EGFP-GAP43. There no more EGFP high spots 
were found in the cytoplasm. PMA stimulation was supposed to activate PKC. This 
result demonstrated that activation of PKC abolished the formation of EGFP-high 
vesicle like spots in cytoplasm which could be the intermediate protein transport 
complexes. This data reinforce our previous suggestion that PKC could be involved in 
the formation of these protein transportation complexes.  
In contrast to the results from EGFP-tagged GAP43, we observed the protein 
translocation in both mutated or wt forms of DsRed-GAP43 when we applied PMA in 
the N2a cells. As shown in figure 4.9a-c, application of PMA caused GAP43 
translocation from the region near to cell membrane to the region closely associated 
with cell membrane. There no difference was found among different forms of GAP43. 
These results implied that PMA would induce translocation of GAP43 but this 
translocation is independent of the phosphorylation of serine 41.  
Combined the results from EGFP and DsRed-GAP43, we proposed that in our 
experiment system, EGFP-tagged GAP43 is a good model for study on the formation  
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Figure 4.8 
Observation of the translocation of various forms of EGFP-GAP43 upon PMA 
stimulation 
 
Fig 4.8 N2a cells were transfected with either a plasmid EGFP-WtGAP43 as shown 
in a, EGFP-S41G-GAP43 as shown in b, or EGFP-S41D-GAP43 as shown in c. 
Three days after transfection, PMA was added before N2a cells were subjected to 
confocal microscopic observation. Each upper left panel is the image taken under 
DAPI fluorescence view; lower left is normal light view; lower right is green 
fluorescence view; upper right is the overlap of these three views. 
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Figure 4.9 




Fig 4.9 N2a cells were transfected with either a plasmid DsRed-WtGAP43 as shown 
in a, DsRed-S41G-GAP43 as shown in b, or DsRed-S41D-GAP43 as shown in c. 
Three days after transfection, PMA was added before N2a cells were subjected to 
confocal microscopic observation. Each upper left panel is the image taken under 
DAPI fluorescence view; lower left is normal light view; lower right is red 
fluorescence view; upper right is the overlap of these three views. 
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 Figure 4.10 
Observation of close co-localization of DsRed-WtGAP43 with EGFP-CaM 
 
 
Fig 4.10  N2a cells were co-transfected with plasmid DsRed-WtGAP43 and 
EGFP-CaM. Three days after transfection, N2a cells were subjected to confocal 
microscopic observation. Upper left panel is the image taken under red fluorescence 
view; lower left is normal light view; lower right is green fluorescence view; upper 
right is the merged picture of these three images. 
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of intermediate protein transport complexes in the cytoplasm while DsRed-tagged 
GAP43 is a good model for study on the formation of membrane-associated GAP43. 
GAP43 is a fast axonal transporting protein. The translocation of GAP43 from 
ER-Golgi apparatus to cell membrane is a very transient process which 
phosphorylation of GAP43 by PKC could play an important role in the formation of 
protein transportation complexes. However, PKC phosphorylation is not required for 
translocation of GAP43 from cytoplasmic near-to-membrane region to the cell 
membrane and outgrowth spout which become the membrane-associated GAP43. Our 
results also match the results from other lab which showed that Ser41 phosphorylation 
was highest in cytoskeleton-associated GAP43 and lowest in membrane-associated 
GAP43 (Tejero-Díez et al., 2000). 
 
4.2.3 Direct observation of close co-localization of GAP43 and CaM 
 GAP43 is a CaM binding protein. Therefore, after we had above knowledge on 
intracellular distribution and translocation of GAP43, we became curious on the 
co-localization of GAP43 and CaM. In the present study, we co-transfected 
DsRed-WtGAP43 and EGFP-CaM plasmids into N2a cells trying to see their direct 
interaction in the cell. Three days later, the intracellular fluorescence distribution was 
observed by confocal microscope. As shown in figure 4.10, results revealed that the 
red fluorescence was distributed to the region near to cell membrane which is the 
same as that of transfected with DsRed-WtGAP43 alone (upper left panel).The green 
fluorescence which represent the location of CaM was not randomly distributed. Near 
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the membrane region, there was an EGFP-high region surrounding the inner 
cytoplasm (lower right panel). When we imposed the red and green fluorescence, a 
distinct region near the cell membrane and cell growth spout was observed (upper 
right panel). It implied that the existence of GAP43 in the near-to-membrane region 
recruits the evenly distributed CaM from cytoplasm. Though the interaction of 
GAP43 and CaM has been well documented for many years, this was the first direct 
observation of close co-localization of GAP43 and CaM under the microscope. 
GAP43 and Ng are two abundant proteins in pre-synapse and post-synapse, 
respectively. Overexpression of GAP43 in N2a cells mimics the physiological 
abundance of GAP43 in presynaptic neuron. GAP43 recruits limited amount of CaM 
in cytoplasm and becomes a GAP43-CaM complex in low Ca2+ condition and ready 
for response to Ca2+ influx caused by outside stimuli. In the future, to play with the 
amount of CaM plasmid transfected could lead to differential effect on this 
co-localization. It is also very intriguing to know whether a Ca2+ influx will cause this 
dissociation of GAP43-CaM close co-localization in near-to-membrane region. For 
example, adding calcium ionophore A23187 in the medium, and then observing the 
green and red fluorescence distribution in our experiment system. Since IQ domain in 
GAP43 protein was reported as the binding site for CaM, an IQ motif mutation form 
of GAP43 is strongly suggested to be introduced in our experiment system to observe 
its co-localization with CaM. These experiments, hopefully be done in the near future, 
would provide detailed and direct evidence on how GAP43 interacts with CaM in 
neurons. To know this knowledge will pave the road for neuroscientists to know the 
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underlying mechanism of learning and memory, as well as aging-related neuronal 
diseases.  
 
4.2.4 Postsynaptic Ng and presynaptic GAP43 share similarity in mRNA 
induction but may not share similar pattern for their interaction and close 
co-localization with CaM. 
In the brain, the GAP43 has a more extended area of expression than Ng (while 
GAP43 can be detected in cerebellum, Ng is mostly detected in limbic system of the 
brain). GAP43 is expressed in pre-synapse while Ng is expressed in post-synapse. 
Nevertheless, these two proteins, from what we found in this thesis, share partially 
similarity of expression regulation. In the present study, we found Ng can be induced 
by NGF, and also this induction can be inhibited by DEX, which was exactly the same 
as what was found for GAP43. However, other agents that could induce GAP43 
mRNA expression such as EGF and RA could not induce the Ng mRNA expression. 
This implied that these two proteins respond to various changes in physiological 
conditions differentially for fulfilling different requirement for pre-synapse and 
post-synapse. Direct detection of mRNA expression reflects a more realistic situation 
of gene expression; it explains why we did not detect the induction of Ng mRNA by 
NGF using the promoter activity assay in the present study. However, the in-situ 
hybridization approach is suggested to carry out in the future to confirm this 
observation after NGF incubation with brain slice.  
 Even though GAP43 and Ng are similar in many aspects, they are different in 
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intracellular localization. Ng is a cytosolic protein and expressed mostly evenly in 
cytosol while GAP43 is prone to express and translocate to axonal cone where cell 
growth activity is strong. This difference inferred they could have different interacting 
pattern with CaM. Based on this thinking, in the beginning of this research after we 
had the experiment done on Ng mRNA induction, we want to explore more on Ng and 
GAP43’s interaction with CaM. We constructed the plasmids for DsRed-Ng, 
DsRed-GAP43 and CaM-EGFP. Unfortunately, after several rounds of experiment test, 
we were not able to get the DsRed-Ng expressed in detectable strength in the cell. 
Therefore, we focus on the project on the interaction between CaM-EGFP and 
DsRed-GAP43. The reason why DsRed-Ng could not express strongly but 
DsRed-GAP43 could express well could be the different molecular size of these two 
proteins. Even though we obtained valuable information from the direct observation 
of GAP43 and CaM, we could not extend the information to Ng and CaM unless in 
the future, we could directly observe Ng and CaM in the cell with different color. 
Based on the current information, we don’t expect Ng will translocate to cell 
membrane and co-localize with CaM as we found in GAP43 experiment.  
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